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ABSTRACT: The â-D-GlcpNAc-(1f6)-R-D-Manp disaccharide is a constituent of highly branched cell-
surface glycoconjugates that are malignancy markers. The conformational preference of the disaccharide
â-D-GlcpNAc-(1f6)-R-D-Manp-OMe in solution has been studied by molecular modeling and NMR
spectroscopy including 1D1H,1H T-ROESY experiments and analysis of3JH,H of the hydroxymethyl group
being part of the glycosidic linkage of the disaccharide, which revealed the relative populations of theω
torsion angle asgt ) 0.60,gg ) 0.35, andtg ) 0.05. Good agreement was obtained between the effective
proton-proton distances from the experiment and those obtained by molecular modeling when the flexibility
at theω torsion angle was taken into account. Molecular modeling of the disaccharide in the binding sites
of the lectin wheat germ agglutinin indicates that several conformations could be adopted in the bound
state.1H NMR and transfer NOESY experiments confirmed that binding took place, and trans-glycosidic
proton-proton interactions indicated that a conformational preference was present in the bound state, as
observed by the relative change of the NOEs from H1′ to H6pro-R and H6pro-S. STD NMR experiments
showed that binding occurred in the region of theN-acetyl group of the terminal sugar residue. In addition,
the O-methyl group received saturation transfer because of the proximity to the protein.1H,1H NOEs
indicated that the two methyl groups were close in space, as observed in only one of the predicted bound
conformations. Experimental and theoretical data therefore agree that one conformation with agt
conformation of the hydroxymethyl group and a negative sign for theψ torsion angle is indeed selected
by the lectin upon binding.

Complex oligosaccharides present inN-glycoproteins
portray structural variations, also called glycoforms, with
some of them being characteristic of surfaces of metastatic
cancer cells (1). Among these malignancy markers, a large
interest has been devoted to the appearance of additional
branches, resulting in tri- and tetra-antennary structures (2).
In such cases, the trimannosyl core of the Asn-linked
oligosaccharide contains aâ-D-GlcpNAc-(1f6)-R-D-Manp
saccharide. The correlation between neoplastic and malignant
transformation and the increase inâ-(1f6) branching on
Asn-linked carbohydrates is a common observation (3, 4).
The presence of this carbohydrate motif can be used as a
marker of a malignant phenotype in human breast and colon
cancer (5, 6) and in gliomas (7). This structural modification
is recognizable by a leukoagglutinating lectin fromPhaseolus
Vulgaris (L-PHA), which binds with high affinity to galactose-
containingâ-(1f6)-antennae (8).

Wheat germ agglutinin (WGA)1 is another lectin that has
been found to agglutinate malignant cells specifically (9).
WGA consists of three isolectins, namely, WGA1 (35%),
WGA2 (55%), and WGA3 (10%), with small variations in
peptide sequence (5-8 residues in 171 amino acids) (10).
From the structural study (11), monomers consisting of four
repeat domains dimerize and therefore define eight inde-
pendent saccharide-binding sites located at the interface
between contacting domains. Because of the 2-fold sym-
metries, the binding sites present only two architectures, one
described as the primary binding site, which is generally fully
occupied by carbohydrates in the different crystal structures
(12-15), and the other described as the secondary binding
site, that is not or only partially occupied and may have too
weak of an affinity for sugars for playing a role in solution
(16).

There are still uncertainties about the structure of the
oligosaccharide epitope that is recognized by WGA on cancer
cells. WGA is specific for both terminalN-acetyl-D-
neuraminic acid (NeuAc) andN-acetyl-D-glucosamine
(GlcNAc), and the binding parameters have been character-
ized by a variety of methods (16-19). The GlcNAc-
containing cancer marker that could be recognized has been
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proposed to be GlcNAcâ1-6Gal present in poly-N-acetyl-
lactosaminoglycans (20), and the crystal structure of the
complex between WGA-3 and this epitope has been solved
(15). The GlcNAcâ1-6GalNAc sequence found in core 2
structureO-glycans (21) could also be a ligand for WGA.
Herein, we investigate how WGA binds to the GlcNAcâ1-
6Man epitope characteristic of highly branchedN-glycans,
as discussed above. A combination of NMR and molecular
modeling approaches are used to delineate the interaction
between the lectin and this ligand in the form of anO-methyl
glycoside, viz.,â-D-GlcpNAc-(1f6)-R-D-Manp-OMe (Fig-
ure 1).

MATERIALS AND METHODS

General Procedures.â-D-GlcpNAc-(1f6)-R-D-Manp-
OMe (1) was obtained from Carbohydrates International AB,
Arlöv, Sweden and WGA ofTriticum Vulgaris, from Sigma
Chemical Co., St. Louis, MO. Both materials were used as
delivered. Atoms in theâ-D-GlcpNAc residue are primed,
and those in theR-D-Manp-OMe residue are unprimed. The
torsion angles at the glycosidic linkage between the two sugar
residues are denoted byφ ) O5′-C1′-O6-C6,ψ ) C1′-
O6-C6-C5, andω ) O6-C6-C5-O5.

NMR Sample Preparation.Disaccharide1 (5 mg) was
lyophilized and subsequently dissolved in D2O (0.7 mL) to
give a concentration of 18 mM. The freeze-dried lectin (3.9
mg) was dissolved in D2O (2 mL) buffered with sodium
phosphate (100 mM at pD 7.2), which resulted in a WGA
concentration of 54µM. The lectin solution (0.7 mL) was
added to the disaccharide (1.3 mg), yielding a 4.7 mM
solution with respect to1. The resulting protein-ligand molar
ratio was 1:86, corresponding to∼1:22 with respect to the
primary binding sites of WGA.

NMR Experiments.The NMR experiments were carried
out at 300 K on a Bruker DRX 500 MHz spectrometer
equipped with a 5-mm PFG triple-resonance CryoProbe and
at 298 K on a Varian Inova 600 MHz spectrometer equipped
with a 5-mm PFG triple-resonance probe. The1H and 13C
signals were assigned to the corresponding proton and carbon
atoms in the disaccharide using 2D1H,1H DQF-COSY,
1H,1H TOCSY (90-ms mixing time) and gradient-selected
1H,13C HSQC experiments at the 600 MHz spectrometer.
Chemical shifts are reported in parts per million relative to
internal sodium 4,4-dimethyl-4-sila(2,2,3,3-D4)pentanoate (δH

) 0.00) or external dioxane in D2O (δC ) 67.4).
Proton-proton cross-relaxation rates in the disaccharide

were extracted from a series of eight 1D1H,1H DPFGSE
T-ROESY experiments (22) at 600 MHz with increasing
mixing times (50-400 ms). Selective excitations were

enabled using a 40-Hz broad i-Snob-2 shaped pulse (23) of
42.5-ms duration. The gradient duration in the initial
DPFGSE part was 1 ms, and the strengths were 0.4 and 1.2
G cm-1, respectively. The DPFGSE part of the pulse
sequence was followed by a T-ROESY spin lock withγB1/
2π ) 2.2 kHz. Spectra were accumulated with a spectral
width of 3364 Hz using 8192 complex points, sampling 512
transients at each mixing time. The relaxation delay between
the transients was 12.2 s, which corresponds to>5 T1. Prior
to Fourier transformation, the FIDs were zero-filled eight
times and multiplied with a 1-Hz exponential line-broadening
factor. All spectra were baseline-corrected using a first-order
correction and integrated using the same integration limits.
Normalized integrals at different mixing times were used to
obtain 1H,1H cross-relaxation build-up curves. The cross-
relaxation rates were extracted by fitting of the build-up
curves to second-order polynomials. When possible, each
distance reported in Table 1 is an average of the two cross-
relaxation rates obtained from excitations at the different
proton resonance frequencies of a proton pair, e.g., from H1′
to H6pro-S and vice versa.

1H,1H NOESY and1H,1H ROESY spectra were acquired
for the two samples at 600 MHz using a mixing time of 300
ms and a sweep width of 2100 Hz in both dimensions. Data
were collected with 80 transients using 4096 complex data
points and 128 t1 increments. The TPPI-States procedure was
used for frequency discrimination in the indirect dimension
(24). Zero-filling to 1024× 8192 complex points in t1 and
t2, respectively, was applied, and the FID was treated with
a 90° shifted sine-bell window function in both dimensions
prior to Fourier transformation. In addition, 1D1H,1H
DPFGSE NOESY experiments (25) were performed on the
lectin sample essentially as described above with 16 384
transients and a mixing time of 300 ms.

The STD spectrum was recorded at 500 MHz with 32
dummy scans, 8192 transients, and 65 k data points over a
spectral width of 5000 Hz. The initial part of the experiment
consisted of a short relaxation delay of 100 ms. Selective
presaturation of the protein was achieved by Gaussian-shaped
pulses of 50-ms duration, an irradiation powerγB1/2π ) 86
Hz, a delay between pulses of 1 ms, and a total saturation
time of 5 s. The on-resonance irradiation of the protein was
set at a chemical shift of 6.8 ppm, and the off-resonance
irradiation was applied at 30 ppm. Subtraction of on- and
off-resonance spectra was achieved via phase cycling. A 30-
ms spin-lock pulse with a strength ofγB1/2π ) 5 kHz was
applied to remove background protein signals. The HDO
signal was suppressed via a WATERGATE scheme using a
3-9-19 pulse sandwich, bracketed by two pulsed field
gradients of equal intensity and sign.

Molecular Modeling.The crystal structure of the com-
plex between WGA-1 and chitobiose (11) was used as the

FIGURE 1: Schematic ofâ-D-GlcpNAc-(1f6)-R-D-Manp-OMe.
Torsion angles relevant for the conformational analysis are indicated
asφ, ψ, andω.

Table 1: 1H and13C Chemical Shifts (Parts per Million) of
â-D-GlcpNAc-(1f6)-R-D-Manp-OMe

residue 1 2 3 4 5 6 Me

â-D-GlcpNAca 4.57 3.744 3.57 3.46 3.48 3.766, 3.95 2.04
102.6 56.4 74.7 70.8 76.8 61.6 23.1

R-D-Manp-OMe 4.74 3.93 3.750 3.61 3.721 3.758,b 4.20c 3.39
101.8 70.7 71.4 67.6 72.2 70.0 55.5

a δCO ) 175.5.b H6pro-R. c H6pro-S.
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starting model. The crystal structure contains amino acids
29-171, and five amino acids were modified (T56P, Q59H,
Y66H, A93S, and G171A) to obtain a model of WGA-2.
Hydrogen atoms were added on all protein atoms together
with partial charges. A GlcNAc residue was taken from the
database of 3D structures of monosaccharides (http://www.
cermav.cnrs.fr/cgi-bin/monos/monos.cgi) and was inserted in
both the primary and the secondary binding sites in the same
orientation as the one observed in the crystal (11). The atom
types and partial charges of the monosaccharides have been
specifically developed for protein-carbohydrate interactions
(26), whereas Pullman partial charges were used for the
protein moiety. Energy minimization was performed using
the Tripos force field (27), with geometry optimization of
the sugar and the side chains of amino acids in the binding
sites. A distance-dependent dielectric constant was used in
the calculations. Energy minimizations were carried out using
the Powell procedure until a gradient deviation of 0.05 kcal
mol-1 Å-1 was attained. Resulting hydrogen-bond networks
and hydrophobic interactions were checked and found to be
in agreement with the reported ones (28).

In a second step, anR-Man-OMe residue was added at
the anomeric position of GlcNAc, generating a model of the
â-GlcpNAc-(1f6)-R-Manp-OMe disaccharide. Conforma-
tions around theφ andψ torsion angles were systematically
studied with the three low-energy orientations of the third
torsion angle at the glycosidic linkage,ω: gt ) 60°, gg )
-60°, and tg ) 180° (29). The systematic search of
conformational space was performed with the Tripos force
field using 5° steps. Energy maps were then drawn as a
function ofφ andψ. All low-energy conformations of interest
(six for each binding site) were then optimized, taking into
account partial charges and flexibility of protein side chains.
The potential energy maps of the disaccharide per se were
also calculated for the same orientation of theω angle
to allow for a comparison to the carbohydrate-protein
complex.

RESULTS AND DISCUSSION

Solution Conformation of theâ-D-GlcpNAc-(1f6)-R-D-
Manp-OMe Disaccharide.Prior to the interaction studies
betweenâ-D-GlcpNAc-(1f6)-R-D-Manp-OMe and WGA,
we assess the overall solution conformation of the disac-
charide. The available theoretical conformational space has
previously been determined. The energy maps were calcu-
lated as a function of the glycosidic anglesφ and ψ (30)
with the carbohydrate-specific force-field PFOS (31). Be-
cause hydration is not taken into account in these calcula-
tions, the aim was not to predict in detail the solution
behavior but to explore the allowed conformational space.
The flexibility is large around theω torsion angle, and the
three maps revealed a plateau centered atφ ≈ -60°, as
anticipated from the exo-anomeric effect, with more flex-
ibility for the torsion angleψ. Nevertheless, this torsion angle
displays an energy preference for the extended antiperiplanar
conformation (ψ ) 180°).

The assignments of1H and 13C NMR resonances for1
are given in Table 1. The1H chemical-shift assignments of
H6pro-R and H6pro-S in the mannosyl residue were done by
comparison to structurally related (1f 6)-linked disaccha-
rides (32). The proton-proton scalar coupling constants for

the 6-substituted hydroxymethyl group were determined by
a total line shape analysis (33, 34) of the1H NMR spectrum,
which resulted inJH5,H6pro-R ) 6.46 Hz,JH5,H6pro-S ) 1.89
Hz, andJH6pro-R,H6pro-S ) -11.22 Hz, assuming a negative
sign for the latter coupling constant. From the limiting values
of 3JH5,H6, it is possible to obtain the populations of the
staggered conformers of the hydroxymethyl group (35). This
gives, forω, gt ) 0.60,gg ) 0.35, andtg ) 0.05. Thus, the
major conformational state has thegt conformation, and the
tg conformer is hardly populated.

BesidesJ-coupling constants, the NOE is often used in
conformational analysis. The1H,1H T-ROESY experiment
is a good alternative to the classical1H,1H NOESY experi-
ment for small molecules, because of the problem of zero
crossing with respect to the1H,1H NOE per se and signals
occurring from TOCSY transfer in the1H,1H ROESY
experiment. One-dimensional analogues of the above experi-
ments are efficient when it is possible to selectively excite
a certain resonance. This was employed for the H1′ resonance
in 1 in a 1D 1H,1H T-ROESY experiment, and Overhauser
effects were observed in the corresponding spectrum (Figure
2a) to, inter alia, H3′, H5′ (used as a reference distance, vide
infra), H6pro-R, H6pro-S, H5, and H4. This also gives an
indication of the relative T-ROEs to the H6 protons. The
H6pro-S resonance was also selectively excited in another
experiment. One-dimensional1H,1H T-ROESY build-up
curves were generated from a series of different mixing times
(Figure 3). The initial slope, i.e., the cross-relaxation rate,
σ, is proportional to the effective distance between the
respective proton pairs. The combined results from different
excitations are compiled in Table 2. To obtain an unknown
proton-proton distance between the spin pairi and j, the
H1′-H5′ distance was used as a reference and was set to
2.42 Å, obtained from molecular modeling. The isolated spin-
pair approximation (ISPA) then makes it possible to extract

FIGURE 2: (a) One-dimensional1H,1H T-ROESY spectrum of1
with selective excitation of the resonance from H1′. One-
dimensional1H,1H NOESY spectrum of1 in the presence of WGA
with selective excitation of the resonance from (b) H1′ and (c) Me′.
The mixing time was 300 ms in each of the spectra.
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distances by comparing cross-relaxation rates according to
(36)

These results are also shown in Table 2.
To see if the above approximations for the conformational

description of the disaccharide are reasonable, we calculate
effective proton-proton distances using a molecular me-
chanics model withφ in the exo-anomeric conformation,ψ
in the extended antiperiplanar conformation, andω populat-
ing the three staggered conformers. The effective distance
reff is then calculated as

in which P is the population of a given conformer andr is
the proton-proton distance in the corresponding conformer.
Investigation of the H1′-H6pro-S, H1′-H6pro-R, H6pro-S-
H5, and H6pro-S-H4 pairs, according to eq 2, all showed
good agreement to the experimental data (Table 2), lending
credence to the analysis performed. In solution, the disac-
charideâ-D-GlcpNAc-(1f6)-R-D-Manp-OMe could then be
described as a mixture of two populations centered around
the two major conformations ofω, namely,gt andgg.

Binding of WGA toâ-D-GlcpNAc-(1f6)-R-D-Manp-OMe.
WGA has previously been demonstrated by NMR methods
to bind chitooligosaccharides and sialooligosaccharides (17,
37, 38). In the present paper, the binding of theâ-D-
GlcpNAc-(1f6)-R-D-Manp-OMe disaccharide to the protein
is demonstrated by the line broadening of the sugar reso-
nances. In particular, an intensity change is present for the
methyl group of theN-acetyl group (Figure 4a).

Modeling of the Interaction betweenâ-D-GlcpNAc-(1f6)-
R-D-Manp-OMe and WGA.A conformationalφ/ψ grid search
of 1 was performed with the terminal GlcNAc fixed in the
primary WGA-binding site (close to Tyr64) and in the
secondary WGA-binding site (close to Trp150 of the adjacent
monomer). Ramachandran maps were produced that describe
the available conformational space (Figure 5) and were
compared with the maps of the disaccharide alone that are
very similar to the previously calculated ones (30). For the
three staggered orientations of theω torsion angle, only a
limited subset of the potential energy surface for the free
disaccharide is available, indicating that the amino acids of
the binding site drastically reduce the flexibility of the
â-(1f6) glycosidic linkage of the ligand. In all cases, the
main low-energy region of the disaccharide centered around
the extended conformation withψ ∼ 180° cannot be fit in
the binding site. Only two restricted conformational areas
are accessible for the ligand, centered aroundψ values of
approximately-100° and+100°. Interestingly, very similar
results are obtained for the disaccharide in both the primary
and secondary binding sites (energy maps not shown).

The conformationalφ/ψ grid search of the disaccharide
in the binding sites therefore yielded six different conforma-
tions, corresponding to three values ofω (thegt, gg, andtg
conformers) and two values ofψ (approximately-100° and
+100°). The final results, after energy minimization, consist
of six different docking modes, with different orientations
of the mannose residues and therefore different patterns of
hydrogen bonds and hydrophobic contacts in these regions.
On the other hand, the GlcNAc orientation did not diverge
noticeably during optimization and remains similar to the
one observed in crystal structures of WGA interacting with
GlcNAc (28). The energy differences between the binding

FIGURE 3: 1H,1H cross-relaxation build-up curves obtained for1
from 1D 1H,1H T-ROESY spectra. H1′-H5′ (9), H1′-H6pro-R (2),
and H1′-H6pro-S (b).

Table 2: Cross-Relaxation Rates from 1D1H,1H T-ROESY NMR
Experiments for Disaccharide1 and Proton-Proton Distances
Derived Using ISPA and Molecular Modeling (see the text)

proton pair σ (s-1) rexp (Å) reff (Å)

H1′-H5′ 0.148 2.42a 2.42
H1′-H3′ 0.091 2.62 2.50
H1′-H6pro-R 0.108 2.55 2.33
H1′-H6pro-S 0.062 2.80 2.88
H6pro-S-H5 0.197 2.31 2.48
H6pro-S-H4 0.044 2.96 3.07

a Reference distance using a PARM22 force field in CHARMM.

rij ) rref(σref/σij)
1/6 (1)

1/reff ) (Pgtrgt
-6 + Pggrgg

-6 + Ptgrtg
-6)1/6 (2)

FIGURE 4: (a) 1H NMR spectrum of1 in the presence of WGA.
(b) STD spectrum of1 in the presence of WGA.
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modes are only a few kcal/mol and do not allow us to predict
which one corresponds to reality. The characteristics of the
models are listed in Table 3, summarizing the different modes
of interaction for disaccharide1 in the binding sites of WGA.

NMR Analysis of the Conformation ofâ-D-GlcpNAc-
(1f6)-R-D-Manp-OMe in the Binding Sites of WGA.1H,1H
NOESY experiments make it possible to investigate the
binding of ligands to proteins. When a rapid exchange is
present, one obtains negative NOEs from the ligand if it is
transiently bound to the protein, thereby reporting on the
conformation in the bound state. If any indirect relaxation
pathways mediated via the protein are present, they can be
identified by aid of a1H,1H ROESY experiment (39). 1H,1H
NOESY experiments showed that1 is binding to WGA. The

inherent flexibility at the glycosidic linkage of the (1f 6)-
linked disaccharide, in analogy with other oligosaccharides
of a similar kind (40, 41), and the shape of the binding site(s)
of WGA may allow for more than one conformation to be
recognized. A similar reasoning is possible for theAleuria
aurantiaagglutinin, a fucosyl-binding protein, when it binds
the disaccharideR-L-Fucp-(1f6)-â-D-GlcpNAc-OMe (40).
Analysis of trans-glycosidic proton-proton interactions
indicate that a conformational preference in1 is present as
observed by the relative change of the NOEs from H1′ to
H6pro-R and H6pro-S in a 1D1H,1H NOESY spectrum (Figure
2b). A 1H,1H ROESY experiment revealed that the cross
peaks used in the analysis stemmed from direct interactions
within the disaccharide. Furthermore, the presence of cross
peaks in the1H,1H NOESY spectrum between the two methyl
groups in1 as well as in a 1D1H,1H NOESY spectrum using
selective excitation of a methyl resonance (Figure 2c) reveal
that the methyl groups should be in close proximity in the
bound conformation. This was corroborated by selective
excitation of theO-methyl resonance resulting in NOEs to
Me′ as well as to H1 and H2.

The STD NMR technique is based on the transfer of
saturation (42) from the protein to the bound ligand (43-
45), which in this case is the disaccharide. Thereby, mapping
of the binding epitope can be carried out. The1H STD NMR
spectrum of the mixture (Figure 4b) reveals, as anticipated,
a signal from the methyl group of theN-acetyl group and
resonances from H2′ and H3′ and to some extent H4′/H5′
(overlapped). This result agrees well with the general idea
on how WGA recognizes terminalN-acetylglucosamine
residues (28). In addition, saturation transfer also occurs to
the O-methyl group of the mannosyl residue.

Agreement between NMR and Modeling Work.The
modeling approach allows one to define the conformational
space available for the disaccharide when bound in the
WGA-binding sites. Nevertheless, this prediction needs to
be confronted with the NMR results to define, within the
possible conformations, the one that is preferred for binding
in solution. Analysis of the six conformations modeled in
the WGA-binding sites demonstrates that only one of them
present a close contact between the two methyl groups of
the disaccharide. This corresponds to the model referred to
as GT•C1, whereω has thegt conformation andψ ≈ -100°
(Figure 6). Moreover, in this conformation the H1′-H6pro-R

distance is shorter than H1′-H6pro-S (cf. Figure 2b). This
particular conformation is from molecular modeling, indeed
stabilized by van der Waals contacts between a hydrophobic
patch on the mannosyl residue (the H5 and H6 protons) with
the aromatic ring of Tyr64, although this is not evident from
the STD spectrum.

A comparison can be made with the only structural study
of a (1f 6)-linked disaccharide interaction with WGA (15).
It is interesting to note that, in three of the fourâ-D-
GlcpNAc-(1f6)-R-D-Galp-containing ligands bound to
WGA-3 as analyzed from crystal data, conformations that
can be regarded to belong to a family similar to the
conformation found herein were present.

Concluding Remarks.The molecular modeling and NMR
approaches agree that theâ-D-GlcpNAc-(1f6)-R-D-Manp-
OMe disaccharide displays important flexibility in solution,
both around theω and theψ torsion angles. As frequently
observed in (1f 6)-linked disaccharides, two conformers

FIGURE 5: Ramachandran maps of1 for the conformational states
of ω: (a) gt, (b) gg, and (c)tg. Accessible conformational regions
for 1 in the presence of WGA are shaded in red. The shaded areas
represent the contouring of the low-energy conformations in a
window up to 20 kcal/mol above the minimum. Typically, the
conformations out of the shaded areas are forbidden as a result of
steric conflict.
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are preferred, namely, thegt andgg orientation ofω, with
ψ in the extended antiperiplanar orientation. Interestingly,
this preferred orientation of theψ torsion angle is not allowed

in the WGA-binding site because of steric conflict. As a
result, the lectin binds the disaccharide in an altered
conformation.

Such a selection of secondary minima in the binding of
oligosaccharides by lectins have been previously illustrated
by X-ray crystallography (see review in ref46). In general,
the lectins bind the most populated conformation in solution,
but several counter examples have been observed. In solution,
theâ-D-GlcpNAc-(1f2)-R-D-Manp disaccharide adopts one
main low-energy minimum that could not fit in the binding
site of mannose-specific legume lectins. When part of a
pentasaccharide bound to ConA, this linkage adopts a
conformation distorted by about 50° in ψ, still on the edge
of the low-energy region (47), while when part of an
octasaccharide bound toLathyrus ochruslectin, a secondary
minimum is adopted with an anti-φ conformation rotated
away by 120° from the main minimum (48). Similarly, the
glycosidic linkage of theâ-D-Galp-(1f4)-â-D-Glcp fragment
in GM1 displays two distinct rotamers about theφ torsion
angle when bound to the cholera toxin (49), and the
R-NeuAc-(2f3)-â-D-Galp linkage adopts a conformation
different from the one observed in other sialic-acid-binding
proteins. Interestingly, a recent NMR study that used the
same approach as the one described here, demonstrated
differential conformer selection of theR-NeuAc-(2f3)-â-
D-Galp fragment in the complexes between either sialyl-
lactose or GM1 and galectin-1 (50).

Future interaction studies on protein-carbohydrate com-
plexes should further clarify the importance of different
contributions such as hydrogen bonding, hydrophobic stack-
ing, and the conformational flexibility of the ligand to
specificity and selectivity of binding and subsequent signaling
processes.
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GG•C1 P -62.7 -100.8 -65.0 ManO3 E150b.OE
GG•C2 P -86.5 79.4 -64.2 ManO2 GlcNAcO5 H6 Y64
TG•C1 P -64.0 -75.3 175.4 ManO4 E115b.OE H4, H6 Y64
TG•C2 P -56.7 121.8 -178.3 ManO4 H66.NE2 H3, H5 Y64
GT•C1 S -58.9 -131.2 59.5 H5, H6 W150b
GT•C2 S -66.8 84.2 57.7 H1, H4, H6 W150b
GG•C1 S -68.0 -100.5 -64.8 ManO2 D29.OD

ManO3 D29.OD
W150b.NE ManO5

GG•C2 S -90.3 77.1 -62.3 H6 W150b
TG•C1 S -62.1 -69.8 176.3 ManO4 D29.OD H4, H6 W150b
TG•C2 S -76.7 -152.8 169.7 H3, H5 W150b

a Only hydrogen bonds and the proximity to the protein involving the mannosyl residue are listed. P) primary and S) secondary binding sites
in WGA.

FIGURE 6: Molecular model (GT•C1) of 1 in a primary binding
site of WGA. The protein is color-coded according to the
electrostatic potential from blue to red for negative to positive
charges, respectively. The conformation ofω in 1 is gt, andψ is
around-100°. (a) Side view and (b) top view with omission of
the hydrogen atoms. Note the spatial proximity between the two
methyl groups in the bound conformation of the disaccharide.
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